Abstract: Variability in soil moisture on a steep slope near a ridge in a forested mountain range, Shikoku, Japan, was studied observationally and numerically. Vertically integrated soil moisture, from a depth of -60 cm to the surface, W , was introduced as a key indicator, and its seasonal variation was analysed on a daily basis from August 2011 to August 2012. The "bucket with a bottom hole" (BBH) model of Teshima et al. (2006) was improved to consider the forest environment in simulating the variation in W . A "big-leaf" model was incorporated into the modified BBH model to estimate transpiration and interception by trees. The simulated soil moisture agreed reasonably with observed values on a daily to inter-seasonal timescale.
Introduction
Soil moisture is a significant factor in sustaining ecological systems in forest areas through hydrological and biological processes. It generally shows wide temporal and spatial variation at any soil-covered site. Variability in soil moisture is particularly high in mountainous regions compared with other landscapes due to heterogeneity in topography, soil characteristics, interactions between evaporation and precipitation, and other factors (Penna et al. 2009 ). This variability would be expected to increase even further with steep topography because the movement of soil water is enhanced. Vegetation can also influence soil moisture status through throughfall, transpiration, and interception. Thus, understanding the hydrological/biological processes in a forest is important when quantifying soil moisture processes.
Recently, forest hydrology has been extended to cover a variety of bio-hydrological subjects, such as the leaching of chemicals from forest soil (Nikodem et al. 2013 ) and cloud forest dynamics (Caballero et al. 2013 ). Soil moisture is one such subject, but few studies have examined its variability on a local scale, in steep terrains, or in high-altitude environments (e.g., Penna et al. 2009; Pichler et al. 2009) .
In this study, we analysed data on soil water content obtained on a steep slope near a ridge in a forested mountain range in south-western Japan. We also constructed a simple prediction model by improving the "bucket with a bottom hole" model (Teshima et al. 2006) , and applied it to experimental data obtained on a forested slope to simulate the dynamics of soil moisture beneath the forest floor. A big-leaf model was incorporated into the model to estimate transpiration and interception in the forest.
Material and methods

Site and instrumentation
Observations were made at a site in the eastern division of the Reihoku Field of the Education and Research Centre for Subtropical Field Science, Kochi University, Reihoku, Kochi Prefecture, south-western Japan. The field site was situated in a warm-temperate zone with a mixture of natural forest vegetation, including fir, spruce, and oak trees.
The experimental slope (33 • 42.3 N, 133 • 36.73 E, 880 m a.s.l.) at the site is located near a ridge extending from the peak, and has an inclination of about 25
• . It is covered with evergreen canopies. In the present study, we analysed micro-meteorological data collected from 1 August 2011 to 31 August 2012 at three stations within the site: E1 (880 m a.s.l.), R1 (870 m a.s.l.), and T2 (870 m a.s.l.). Station E1 was located on a slope where volumetric soil water content (VSWC) was measured at depths of 0.05, 0.15, 0.3, and 0.5 m at 60-min intervals. A time domain reflectometer (CS-616, Campbell Sci.) was used to obtain the time series of VSWC values. Throughfall was measured using a tipping bucket rain gauge (TE525, Campbell Sci.) at the same station.
Using an observation tower (22 m high), wind speed and direction were measured at a height of 2.2 m above the *Corresponding author, **Special Section on Biohydrology, guest-editors Ľubomír Lichner & Kálmán Rajkai c 2013 Institute of Botany, Slovak Academy of Sciences floor at the top of the tower with a three-cup anemometer/wind vane (03101, Campbell Sci.) at Station T2, about 100 m southwest of Station E1. Air temperature and relative humidity were measured at 1.6 m above the floor using a probe (CS215, Campbell Sci.) under non-aspiration conditions, while solar radiation at 1.8 m above the floor was measured using a pyranometer (PCL-1, Prede). The heights of the trees around the tower were roughly 18 m.
Precipitation in the forest was observed using a tipping-bucket rain gauge (No. 34T, Ohta-Keiki) in an open space at Station R1, about 200 m southwest of Station E1. A lack of observations from 28 November 2011 to 17 May 2012 was compensated for by readings from Station E1, based on a formula showing very high correlation between them, derived from observations during other periods.
Meteorological data were sampled every 5 s, and 10-min averages for all data except precipitation were stored in data loggers (CR800/CR1000, Campbell Sci.).
Brief description of models
Following the definition of Teshima et al. (2006) , vertically integrated soil moisture, W (mm), in the active soil surface layer (ASSL) was defined as:
where θ(z) is the VSWC at a depth of z (mm) and D is the depth, assumed to be 600 mm. When the daily mean of W for day t is denoted by W (t), its increase over the course of a day can be written as
W (t+1)−W (t) = T f(t)−T r(t)−E(t)−∆Gd(t)−∆Rs(t),(2)
where Tf and Tr are throughfall and transpiration from plants, respectively; E is evaporation from the soil surface; ∆Gd is the divergence of the water flow component perpendicular to the surface in the ASSL; ∆R is the divergence of overland flow plus lateral flow in the ASSL.
∆Gd can be parameterised using the equation below (Teshima et al. 2006) :
where the first and second terms on the right express the effects of gravitational drainage and capillary rise, respectively; α is the slope inclination; I is a constant; and a, b, and c are parameters to be determined based on observations (Teshima et al. 2006) . Here, α = 25
• and I = 1 mm day −1 were assumed. We also assumed that when the throughfall exceeds a limit and W reaches the bucket capacity, WBC = ηWMAX a divergence of overland flow plus lateral flow occurs in the ASSL, and cannot be larger than WBC. Here, η is a parameter and the value of WMAX = s · D is determined by assuming a porosity of soil (s) of 0.35. Henceforth, E and ∆Rs will be ignored for simplicity.
A 'big-leaf' model was built to simultaneously determine transpiration and interception, on the assumption that available energy at the top of the forest canopy is divided into latent and sensible heat fluxes from the canopies. The model was an improved version of that described in Mori & Kobayashi (2006) , where the aerodynamic resistance of the modelled canopy was conventionally parameterised using representative surface parameter values and stomatal resistance was determined from observations of solar radiation using simple biosphere model parameterisation. To quantify interception, the forest canopy was considered to be a reservoir storing rainfall with a capacity of 1 mm, which was derived using a simple formula by Teuling & Troch (2005) , based on the leaf area index (∼5) of evergreen canopies around Station E1. Finally, using the calculated values of Tr and and the observed throughfall (Tf ), a value of W was derived from Equation (2).
Results and discussion • C, a large annual range. The solar radiation also showed characteristic variation. It temporarily tended to decrease in June and July, reflecting the rainy season, during which several heavy precipitation events with more than 100 mm day −1 rain were observed. Relatively lower but stable values were observed from December to January, influenced by the normal winter dry period (Fig. 1c) . Figure 2 shows the seasonal variation in monthly accumulated transpiration and interception, estimated from the model on a daily basis. Both variables show clear month-to-month variation and seem to interact with each other, depending on the amount of precipitation observed. Transpiration increased in the spring and autumn, when the precipitation level is relatively low, as can be seen in August, October, and the following May. In contrast, interception values are larger, significantly exceeding transpiration in June and August 2012, when large amounts of precipitation were observed. The magnitude relationship between transpiration and interception was dramatically reversed according to precipitation, even in the same month, as seen in the values for August 2011 and August 2012. The total amounts of transpiration and throughfall during the period were 289 mm and 1,345 mm, respectively. The former is roughly one-fifth of the latter. These results suggest that soil moisture beneath the forest floor can be affected by variable transpiration.
The bars and circles in Fig. 3 show seasonal changes in the observed daily throughfall and W , respectively, at Station E1 throughout the study period. The values of W were derived from
where θ(z) is VSWC at depth z mm and ( 100, 100, 200, 200) mm. Observed W increased quickly in response to throughfall during the period on a sub-monthly scale (Fig. 3) . Clear peaks with values exceeding 170 mm were seen frequently in the warmer months. The values tended to be higher from the middle of January to the end of May, on an inter-seasonal timescale. During June and July of the same year, higher values occurred again because of the nearly continuous precipitation in the rainy season in Japan. In contrast, W was reduced markedly when the amount of precipitation was very low, as can be seen from the beginning of December to the middle of January.
The solid line in Fig. 3 shows the results of calculations. The model parameters were determined by a least-squares method for 13 sub-periods of 1 month each, except September and October. The root mean square between calculations and observations ranged from 2.7 mm (May) to 6.8 mm (September). The calculated values are in reasonable accordance with the observed values on a seasonal timescale. However, some values calculated by the model were underestimated. These underestimates occurred from the end of October to the beginning of March 2012. Such errors occurred not only on a daily scale, as can be seen on 19 November 2011, but also on a seasonal scale during the following period, from February to March. During such periods, the throughfall was small. However, this factor does not explain the observed increases in W quantitatively. According to Fig. 1b , the large increases in VSWCs in November and February-March occurred predominantly at depths of 50, 150, and 300 mm in response to rainfall. We suggest from these results that the observed increases in VSWC at shallow depths are attributable to local phenomena occurring near the surface. Overland flow or lateral flow is thought to be a major factor that magnifies the increases in VSWC through rapid infiltration at the surface, although these flows were omitted in the present model for simplicity, as mentioned above.
